The field of lipidomics has evolved vastly since its creation 15 years ago. Advancements in mass spectrometry have allowed for the identification of hundreds of intact lipids and lipid mediators. However, because of the release of fatty acids from the phospholipid membrane in the brain caused by ischemia, identifying the neurolipidome has been challenging. Microwave fixation has been shown to reduce the ischemia-induced release of several lipid mediators. Therefore, this study aimed to develop a method combining high-resolution tandem mass spectrometry (MS/MS), highenergy head-focused microwave fixation and statistical modeling, allowing for the measurement of intact lipids and lipid mediators in order to eliminate the ischemia-induced release of fatty acids and identify the rat neurolipidome. In this study, we demonstrated the ischemia-induced production of bioactive lipid mediators, and the reduction in variability using microwave fixation in combination with liquid chromatography (LC)-MS/MS. We have also illustrated for the first time that microwave fixation eliminates the alterations in intact lipid species following ischemia. While many phospholipid species were unchanged by ischemia, other intact lipid classes, such as diacylglycerol, were lower in concentration following microwave fixation compared to ischemia.
The field of lipidomics has vastly expanded since its emergence approximately 15 years ago (Han and Gross 2003; Lagarde et al. 2003; Wenk 2005) . Because of the diversity of lipid species, as well as the wide range of their concentrations, it is essential to use different lipidomic approaches to produce a global profile of structurally and functionally diverse lipids to understand lipid metabolism and signaling in brain tissue biology. Lipidomic approaches have previously been reported in various tissues, in either normal or pathological state, including adipose (Yore et al. 2014) , nasal washes (Tam et al. 2013) , and brain (Lamaziere et al. 2011; Nguyen et al. 2014) .
Mass spectrometry (MS)-based lipidomics is currently the most commonly used tool for profiling lipid species. There are currently two main analytical approaches which in parallel provide a comprehensive, global profiling of the brain tissue lipidome. First, there is the lipidomics of intact lipids, including shotgun lipidomics (developed by Han and Gross) (Han and Gross 2003) and liquid chromatography (LC)-tandem mass spectrometry-based lipidomics, which aims at the rapid identification of hundreds of molecular lipids across multiple structural classes. The second approach, lipidomics of lipid-signaling molecules, captures a wide range of low-abundance lipid species within a class or specific pathway.
It is essential to combine these two approaches to capture and study the lipidome and related lipid signaling in the brain. Chromatographic separation, solid-phase extraction, and liquid-liquid fractionation can greatly improve the recovery of low-abundance lipid species. In brain tissue, because of the high concentration of lipids, fractionation of different classes of lipids is essential prior to analysis of lipid mediators. Brain tissue is capable of generating a wide range of signaling molecules. Arachidonic acid (ARA), for example, is an important component of mammalian cell membrane phospholipids. Depending on the enzyme that cleaves ARA from the membrane, ARA can be present in the forms of non-esterified ARA, 2-arachidonyl glycerol (2-AG) and arachidonyl ethanolamine (AEA). Non-esterified ARA, a signaling molecule in itself, can also be further metabolized by a multitude of enzymes, generating a vast array of bioactive mediators such as the proinflammatory prostaglandins (PG), leukotrienes, hydroxyeicosatetraenoic acids (HETE), and the pro-resolving lipoxin (Bazinet and Laye 2014) .
The identification and quantification of fatty acid-, fatty acyl glycerol-and fatty acyl ethanolamide-related bioactive lipids is a challenging task. This is mainly because of the large number of bioactive lipids with similar chemical properties which are produced within the same cascade and are part of a complex regulatory network. Thus, they have to be measured simultaneously to assess their biochemical processes. This task is further complicated by the presence of a large number of isomers of bioactive lipids with very similar physicochemical properties but diverse biological functions. Therefore, the comprehensive study of lipids requires a highly sensitive and selective analytical method.
We have developed a lipidomics platform using high-mass accuracy and mass-resolution MS, which allows us to identify the wide range of bioactive lipids in biological systems (Masoodi et al. 2010) . High-resolution mass spectrometry allows for the separation of many isobars by measuring the accurate m/z ratios of the lipid species and by computing the elemental formulae when combined with tandem MS. This simplifies the identification and structural elucidation of unknown lipid mediators (Masoodi et al. 2010; Schwudke et al. 2011) .
The challenges of brain tissue lipidomics include the development of relevant analytical methodologies as well as bioinformatics tools for determination of alterations in lipid metabolic pathways and signaling during disease progress. Although currently available databases, such as LIPID MAPS and METLIN, provide valuable tools for the identification of lipid species in brain tissue, the development of sophisticated bioinformatics tools, such as lipid prediction for database-independent approaches, theoretical databases and search algorithms, is critical for the identification of unknown lipid species (Lu et al. 2005; Masoodi et al. 2010; Herzog et al. 2011) .
The measurement of artifacts poses another challenge in the attempt to describe the brain lipidome. It has been known for some time that the lipid profile of the brain drastically changes under ischemic conditions (Bazan 1970) . Coined the 'Bazan Effect' (Horrocks and Farooqui 1994) , Bazan and colleagues demonstrated that ischemia releases various fatty acid from the phospholipid membrane into the non-esterified fatty acid pool because of the activity of phospholipases (Rordorf et al. 1991) , with ARA being most affected. The released fatty acids are then metabolized, which increase the low basal concentrations of the downstream mediators (Gaudet et al. 1980; Kempski et al. 1987) . This release of non-esterified fatty acids from the phospholipid membrane causes complications when applying lipidomics approaches to measure lipid species in the brain, and especially lowabundance downstream mediators.
In order to minimize the Bazan Effect and eliminate the increased variability in the data, microwave fixation has been applied as a method of euthanasia (Murphy 2010) . In short, a focused high-energy microwave beam is aimed at the top of the head, denaturing all of the proteins involved in the release of fatty acids from the phospholipid membrane as well as the proteins involved in downstream metabolism, effectively fixing the brain in its current state. Previous studies utilizing microwave fixation have used microwaves that generate approximately 3-13.5 kW beams for 1.6 s up to 3.5 s (Bazinet et al. 2005; Golovko and Murphy 2008b; Trepanier et al. 2014) , which allows for rapid and humane euthanasia and further reduces the potential confounding effects of ischemia.
In this study, we used high-energy head-focused microwave fixation in combination with multiple MS methods in order to eliminate the ischemia-induced effects on the rat neurolipidome (Fig. 1) . Furthermore, we measured the rat neurolipidome following lipopolysaccharide (LPS)-induced inflammatory signals independent of ischemia.
Methods

Subjects
This study was conducted in accordance to the standards of the Canadian Council for Animal Care and was approved by Animal Care Committee of the Faculty of Medicine at the University of Toronto (protocol number 20009449). Twomonth-old male Long Evans rats were purchased from Charles Rivers (La Prairie, QC, Canada). Animals were housed three per cage in a vivarium on a 12 h light/dark cycle and maintained at a temperature of 21°C. Water and food were available ad libitum. The rat chow (Teklad Global, 2018 18% Protein Rodent Diet; Envigo, Madison, WI, USA) composition consisted of 189 g/kg protein, 60 g/kg fat, 554 g/kg carbohydrates, 38 g/kg fiber, 59 g/kg ash, and 100 g/kg moisture. The diet fat composition (in percent of total fatty acids) was palmitate (18.5%), stearate (2.8%), oleate (18.5%), linoleate (54.8%), and a-linolenate (5.6%) (Trepanier et al. 2012) . The acclimatization period was 2 weeks, and the animals were handled to reduce stress during experimental procedures.
Treatment groups
Following the acclimatization period, the animals were separated into four groups based on the proposed euthanasia method; (i) microwave fixation (MW, n = 10), (ii) CO 2 asphyxiation (CO 2 , n = 10), (iii) CO 2 asphyxiation followed by microwave fixation (CO 2 +MW, n = 9), and (iv) LPS (E. coli serotype 055: B5; Sigma Aldrich, St-Louis, MO, USA) i.p. (1 mg/kg, 1 mg/ mL in 0.9% saline solution) 3 h prior to microwave fixation (LPS, n = 9). The number of animals required for this study was estimated based on previous experiments using microwave fixation (Bazinet et al. 2005) .
Group 3 served as a positive control to ensure that microwave fixation did not degrade lipid species, while group 4 served to identify lipid mediators that have previously be shown not be present at basal levels and need an inflammatory insult to increase its production (Golovko and Murphy 2008a) .
As all animals were treated and samples were collected by the same individual (MOT), blinding could not occur. However, sample collection and sample analysis were randomized in a systematic method in order to eliminate any type of bias created by analytical error.
Microwave fixation
In order to perform high-energy head-focused microwave fixation, conscious, unanesthetized animals are placed into an animal restrainer and immediately inserted into the microwave (model S15P Vivostat; Cober Electronics Inc., Norwalk, CT, USA). Following insertion of the animal restrainer into the microwave, a single microwave beam (13.5 kW, 1.6 s, 2450 MHz) was aimed directly at the top of the head. For the CO 2 asphyxiation group, animals were placed in a CO 2 chamber and kept there for 5 min following the end of respiration.
Once euthanized, the heads of all four groups were cut off and placed on ice for 5 min. Brains were excised following the 5-min wait period and flash frozen in liquid nitrogen for 15 s. Brains were placed in glass vials and the vials were filled with N 2 gas and stored at À80°C until analysis.
Brain preparation
Once all brains were collected and ready to analyze, brains were kept on dry ice to keep frozen, along with tubes to be used to keep cool. Frozen brains were inserted into tissueTUBE TM (Covaris Ltd., Brighton, UK) and attached to the cooled tubes. TissueTUBE TM containing frozen brains were quickly inserted in a cryoPREP TM CP02 impactor (Covaris Ltd.) and received 1-3 calibrated impacts in order to get the brain into powder form. TissueTUBE TM (Covaris Ltd., Brighton, UK) were inverted, transferring the brain powder into attached cooled tubes and quickly returned to dry ice to avoid thawing. Approximately 100 mg of crushed brain was weighed and transferred into a new frozen Eppendorf tube to maintain brain frozen.
Lipid extraction
A quantity of 100 mg of whole brain tissue was homogenized in 1 mL of ammonium bicarbonate buffer (concentration: 150 mM of ammonium bicarbonate in water) using a Tissue Lyser (Qiagen AG, Hilden, Germany) at a speed of 25 Hertz for 2.5 min. A quantity of 150 lL of the homogenate was collected for intact lipid analysis, leaving 850 lL for bioactive mediator analysis.
A quantity of 20 lL of the 150 lL homogenate was further diluted with 160 lL of ammonium bicarbonate buffer using a Hamilton Robot and 810 lL of methyl tert-butyl ether/ methanol (7/2 v/v) containing internal standard was added to this mixture. The internal standard mixture contained: Table S1 . Standards have been tested for response factor, tissue matrices effect and ion suppression, for the details of how this process is assessed please refer to (Masoodi and Volmer 2014) . The solution was mixed at 11 Hertz, 15 min at 4°C using a ThermoMixer C (Eppendorf AG, Hamburg, Germany) and then centrifuged at 3000 g for 5 min. A quantity of 100 lL of the organic phase was transferred to a 96-well plate, and dried in a speed vacuum concentrator. The lipid extract was reconstituted in 40 lL of 7.5 mM ammonium acetate in chloroform/methanol/propanol (1 : 2 : 4, V/V/V). All liquid handling steps were performed using a Hamilton STAR robotic platform with the Anti Droplet Control feature for organic solvents pipetting as described previously (Surma et al. 2015) .
The remaining 850 lL of homogenate was used for bioactive mediator analysis. A quantity of 150 lL of 100% methanol was added to the remaining homogenate to bring the volume to 1 mL and spun at approximately 25 000 g (5430 R centrifuge, FA-45-24-11-HS rotor) (Eppendorf AG) for 5 min at 4°C. Supernatant was removed into a new glass tube on ice. One mL of 15% (v/v) methanol in water was added to the pellet and homogenized in a Tissue Lyser (25 Hz, 2.5 min). The homogenate was spun (25 000 g, 5 min, 4°C) and the supernatant was added to the glass tube. One mL of 15% methanol was used to make a final volume of 3 mL.
Extraction of lipid mediators from the brain tissue was performed according to our published protocol (Masoodi et al. 2010 ) with slight modifications outlined as follows: internal standards PGB 2 -d4 (40 ng), 12-HETE-d8 and AEAd8 (Cayman Chemicals, Ann Arbor, MI, USA) were added to the homogenized brain in 15% (v/v) methanol in water. The cartridges (Strata-X 33 u Polymeric Reversed phase 60 mg/ 3 mL, Phenomenex, Torrance, CA, USA) were washed with methanol (3 mL) followed by water (3 mL) prior to loading the homogenate (3 mL). The cartridges were then washed with 15% methanol in water (3 mL) and lipid mediators were eluted in methanol (3 mL) and collected in glass tubes. The organic solvent was evaporated using a fine stream of nitrogen and the remaining residue was redissolved in ethanol (100 lL) and stored at -20°C until analysis.
Mass spectrometry analysis Lipidomics analysis of intact lipids was performed using a QExactive mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with a TriVersa NanoMate ion source (Advion Biosciences, Ithaca, NY, USA) as described previously (Surma et al. 2015) . The data were acquired in both positive and negative mode using resolving power of 140 000 in full scan and 17 500 in MS/MS mode. Scan m/z range of 200 to 1000 were used.
Lipidomics analysis of bioactive lipid mediators was performed as previously described (Masoodi and Volmer 2014) on an LTQ Elite (Thermo Scientific) linear ion traporbitrap mass spectrometer using a heated electrospray ionization source in both negative and positive ionization mode. Chromatographic analyses were performed using an I-Class UPLC system (Waters Corporation, Milford, MA, USA) combining a binary pump, a FTN autosampler, and a column oven. The autosampler temperature was set at 4°C. A 10 lL out of 100 lL sample was injected onto a chromatographic column. For the negative modes, the bioactive lipids were separated on a C 18 reversed-phase LC column (Phenomenex Luna, 3 lm particles, 2 9 150 mm, Phenomenex, Torrance, CA, USA) using a linear mobile phase gradient (A, 0.02% glacial acetic acid in water; B, 0.02% glacial acetic acid in acetonitrile) at a flow rate of 0.5 mL/ min. Starting conditions consisted of 35% B and were maintained for 1 min. The gradient was then increased to 95% B over 12 min, remained for 2 min and finally was returned to the initial conditions for 2 min to allow equilibration. For the positive mode, the bioactive lipids were separated on C 18 reversed-phase LC column (Phenomenex Kinetex-XB-C18, 2.6 lm particles, 2 9 100 mm, Phenomenex, Torrance, CA, USA) using a gradient (A: 10 mM ammonium acetate+ 0.1% formic acid; B: ACN: H 2 O: formic acid (90 : 10 : 0.1)+ 10 mM ammonium acetate) at 0.5 mL/ min. Starting conditions consisted of 35% B and were maintained for 4 min. The gradient then increased to 95% B over 6 min, maintained for 2 min and finally returned to the initial conditions for 2 min to allow equilibration. Capillary and source heater temperatures were set to 325 and 50°C, respectively, and spray voltage was adjusted to 4000 V. A resolving power of 120 000 was used in full scan and 1500 in MS/MS mode. Scan m/z ranges of 150-500 (MS) and 50-500 (MS/MS) were used. Method development and validation, along with identification process, bioinformatics and related software have been described previously for other tissues (Masoodi et al. 2010; Masoodi and Volmer 2014; Surma et al. 2015) and similar validations were performed for brain tissue (unpublished data).
Data analysis
Univariate statistical analysis using a one-way analysis of variance (ANOVA) was performed on log-transformed concentrations because of unequal variance and taken to be significantly different at p < 0.05. For protectin D1 (PD1), 17-hydroxy docosahexaenoic acid (17-HDoHE), PGE 2 and thromboxane B 2 (TXB 2 ), samples below the detection limits were removed from the analysis. Since PD1 was not detected in either the MW and LPS groups, a t-test was performed on the log-transformed PD1 concentration of the CO 2 and CO 2 +MW groups (p < 0.05). Differences in variability in concentrations were measured by the Bartlett's test (p < 0.05).
For unsupervised multivariate statistical analysis, we used hierarchical cluster analysis using the Ward's algorithm. To make the differences more clear in the intact lipids results, a similar approach was utilized with only the significant differences (determined by a one-way ANOVA). Supervised analysis was performed using partial least squares discriminant analysis (PLS-DA), where repeated stratified crossvalidation was used for model validation. All multivariate data analyses were performed using the programming language R using custom-built scripts as well as the 'pls' and 'pheatmap' packages.
We calculated pairwise correlations between all variables in order to visualize a correlation network using the BioLayout Express3D software (Enright Research Group at EMBL-EBI, Hinxton/UK and the Freeman Research Group of the Roslin Institute at the University of Edinburgh,UK. Web: http://www.biolayout.org). All odd number chain lipid species were removed from the analysis. The FruchtermanReingold algorithm was used to generate the layout and only edges with a pairwise correlation of higher than 0.85 were considered. To further clean up the data only cliques with more than 10 connected members were considered leaving only a single cluster.
Results
In order to investigate the changes between the different treatment groups, we first used unsupervised concepts of multivariate statistical analysis. Hierarchical cluster analysis using the Ward's algorithm was used to detect clusters in the data sets from lipid mediators and intact lipids. In the case of 17-hydroxydocosahexaenoic acid (HdoHE) (f), and protectin D1 (PD1) (g). Bars labeled with different superscripts identify significant differences identified by a one-way ANOVA of log-transformed concentrations (p < 0.05). Partial least square discriminant analysis (PLSDA) was performed to elucidate the metabolites driving the separation. A 77.2% overall predictive accuracy was achieved (h). the lipid mediators (Fig. 2a) , the CO 2 asphyxiation group showed strong differences and clustered together compared to the other treatment groups. (Fig. 2a) . The CO 2 +MW samples also grouped together (with the exception of a single sample) and again showed a similar tendency to have elevated metabolite concentrations compared to the MW group, albeit with much lower levels of metabolite concentration compared to the CO 2 group (Fig. 2a) . For example, PGE 2 concentration was 522-fold higher in the CO 2 group compared to the MW (Fig. 2b) . In the CO 2 +MW group, PGE 2 was also increased compared to the MW, but only by 59-fold. This would indicate that microwave fixation is a crucial sample pre-processing step in order to mitigate the increased mediator concentration measured following CO 2 asphyxiation.
Injecting LPS 3 h prior to microwave fixation increased the production of PGE 2 by 19-fold compared to the MW (Fig. 2b) . Most mediators, such as TXB 2 , AEA, 12-HETE, and 17S-HDoHE, showed similar increases in the CO 2 and CO 2 +MW groups, but no effect of LPS (Fig. 2c-f ). Some mediators, such as PD1, were detected in the CO 2 and CO 2 +MW groups, but were below detection limits in the other two groups (Fig. 2g) . Furthermore, variability between groups was significantly different from one another with the MW and LPS groups (aside for PGE 2 ) having the lowest variability compared to the CO 2 and CO 2 +MW groups.
To further elucidate what metabolites are driving the separation between the groups, we performed supervised multivariate analysis using PLS-DA (Fig. 2h) . To test the group separation, we performed repeated stratified crossvalidation and evaluated the predictive performance on the respective hold out data sets. Seperation of the four phenotypic groups on the lipid mediator data set had, an overall prediction accuracy of 77.2% (Table S2) . Inspecting the class-based prediction statistics (Table S3 ) adds more detail to the predictive performance. The lipid mediator data sets for the CO 2 group could be predicted with a balanced accuracy of 94%. Also, the CO 2 +MW group had strong predictive performance, reaching more than 89% balanced accuracy. In addition, and not clearly observable in the heat map representation, the supervised analysis showed that the MW group shows decent classification performance (87% balanced accuracy) (Table S3) .
Similar to lipid mediators, the CO 2 group shows very distinct differences in intact lipid concentrations and forms a separate cluster. Figure 3(a) illustrates a heat map representation of all significantly different results (for all lipid species, see Figure S1 ). In general, there were no significant differences in phospholipid levels upon 5 min of hypoxicischemia. For example, phosphatidylinositol 38:4 showed no differences across all groups (Fig. 3b) . Similarly, other species, such as sphingomyelin, showed no differences between groups (Fig. 3c) . While the release of fatty acids caused no change in these pools (Fig. 3b and c) , other pools like TAG, such as TAG 54:6, were decreased in the CO 2 group compared to the MW (Fig. 3d) . Reciprocal increases in DAG, for example DAG 38:4, were observed (Fig. 3e) . CO 2 asphyxiation also increased the production of ceramides (Fig. 3f) . The total concentrations of these lipid species were consistent with the results presented above ( Figure S2 ). An overall prediction accuracy of 63.6% (Table S4) could be achieved using PLS-DA (see Fig. 3g showing PLS components 1 and 2). Also here, class-based prediction statistics yielded a very high balanced accuracy for CO 2 and CO 2 +MW (100% and 94% respectively, Table S5 ). Unlike lipid mediators, however, the classification performance for the MW group using intact lipids was poor. The LPS group also had poor classification performance throughout the data sets.
To further investigate the classification outcomes, we inspected which variables contributed most to the group separation observed. Tables S6-S7 Finally, in order to elucidate the relationship between the intact lipids and the bioactive lipids, we calculated correlation networks within the four phenotypic groups. To visualize potential relationships between variables, we constructed correlation networks. For better interpretability, we excluded edges with correlation of less than 0.85. Furthermore, nodes with less than three connections were omitted from the network. In addition, cliques of fewer than 10 members were removed leaving only a single cluster in the network. Figure 4 shows a correlation network for the CO 2 asphyxiation group visualized in the Biolayout Express3D software. Lipid mediators are colored in red and are clustered almost exclusively together in the top right hand corner of the plot. The intact lipids they share the strongest correlation with are lipids of the LPE and LPC class, more specifically LPC 16:2, LPE 20:2, and LPE 20:3. Lysophposphatidylinositol and DAG were more closely related to one another compared to the lipid mediator.
Discussion
The purpose of this study was (i) to describe the rat brain lipidome using a method utilizing multiple MS approaches and (ii) to describe the effect of utilizing high-energy headfocus microwave fixation to eliminate the effect of CO 2 asphyxiation-induced ischemia on the rat neurolipidome.
The major findings of this study were that CO 2 group showed increased production of bioactive mediators from lipids released from the phospholipid membrane compared to the MW group. Moreover, different intact lipid species had varying effects in the CO 2 group in relation to the MW group. A correlation network determined that mediator production was highly correlated with the production of LPC and LPE.
In the CO 2 group, the brain experiences a mixture of hypercapnia, hypoxia, and ischemia. Following 5 min of CO 2 asphyxiation, ARA is released from the phospholipid membrane in the brain as unesterified ARA, similar to the ischemic phenomenon known as the Bazan effect. This influx of unesterified ARA becomes available for metabolism into mediators. It has previously been demonstrated that ischemia results in a 4-to 20-fold increase in PGE 2 concentration in the cortex (Bosisio et al. 1976; Anton et al. 1983; Golovko and Murphy 2008a) . In this study, we report a similar, although at a much higher magnitude, increase in PGE 2 production. PGE 2 concentration was 522-fold higher in the CO 2 group compared to the MW group. The higher PGE 2 increase in our study may be a result of the hypercapnia and hypoxia, while also having longer ischemic periods compared to other studies (Golovko and Murphy 2008a) .
Similarly, CO 2 +MW cause an increase in PGE 2 of 59-fold compared the MW group. Although the production of PGE 2 in the CO 2 +MW group is lower than in the CO 2 group, it is still elevated compared to the MW group, suggesting that microwave fixation does not degrade PGE 2 .
Similar results are seen with the other bioactive mediators measured in this study. The differences between the CO 2 and CO 2 +MW groups may be explained by the differences in ischemic time between the two groups. In the CO 2 +MW group, animals were exposed to CO 2 for 5 min prior to microwave fixation. On the other hand, the CO 2 group was also exposed to 5 min of CO 2 , however, ischemic continued while the head was placed on ice for 5 min (in order to be consistent with the other three groups) and for another few minutes in order to remove the brain and place the brain in liquid N 2 . Since increased ischemia time increases ARA release (Bazan 1970) , it is possible that the higher ischemic 54:6 (d), diacylglycerol (DAG) 38:4 (e), and ceramide (Cer) 36:1;2 (f). Bars labeled with different superscripts identify significant differences identified by a one-way ANOVA of log-transformed concentrations (p < 0.05). Partial least square discriminant analysis (PLSDA) was performed to elucidate the metabolites driving the separation. A 63.6% overall predictive accuracy was achieved (g).
time in the CO 2 group resulted in higher production of bioactive lipid mediators (Golovko and Murphy 2008b) .
Similar patterns have been reported for other bioactive lipid mediators such as PGD 2 (Golovko and Murphy 2008a; Chen et al. 2013) , TXB 2 Murphy 2008a), 17-HDoHE (Farias et al. 2008) , and AEA (Bazinet et al. 2005) . Results with these mediators are all in agreement with the results in this study. There were some mediators, such as PD1, which were detectable in the CO 2 group, but were below the detection limit of our equipment in the MW group. This is comparable to earlier reports, which failed to detect PD1 following head-focused microwave fixation (Farias et al. 2008; Lin et al. 2015) . However, it should be noted that Farias and colleague did not measure PD1 following 5 min of ischemia, unlike that observed in our CO 2 group in this study (Farias et al. 2008) . The reason for this disparity is unclear. In this study, we expand on this current list of mediators measured in the brain and affected by CO 2 -induced ischemia with several new mediators, including several HETE's and HDoHE's, all of which show the same pattern as described above.
In order to stimulate the production of some mediators, LPS was injected systemically 3 h prior to microwave fixation, as described in previous studies (Golovko and Murphy 2008b) . Only PGE 2 was increased by LPS injection. LPS injection resulted in a 19-fold increase in PGE 2 production compared to the MW group. Despite being a significant increase compared to the MW group, this is a much smaller effect than the CO 2 asphyxiation effect on PGE 2 production. It is therefore possible that this effect of LPS would not be detected following CO 2 asphyxiation and would be masked by the high levels of ischemia-induced production of PGE 2 and the increased variability in concentration. However, this was not tested in this study. In the heat map analysis, the LPS group did not cluster together compared the MW group while both CO 2 group formed clear clusters. This would suggest that the LPS effect on the neurolipidome is smaller than the ischemia-induced effects. It should be noted that no other group received any vehicle injection, which could affect interpretation. It is not believed, however, that vehicle injection would dramatically alter the release of inflammatory mediators.
It should be noted that the variability in concentrations is only increased in both groups exposed to CO 2 . This would suggest that variability may be a result of asphyxiation and not analytical variability. The source of variability may come from the differences in time exposed to ischemia/hypoxia/ hypercapnia.
The increase in bioactive mediators in the CO 2 group can be explained by the Bazan effect, where phospholipases are activated and release lipids from the phospholipid membrane (Bazan 1970) . To this date, the effect of microwave fixation has yet to be reported on intact lipids. Because of the smaller size of their pool, the release of non-esterified fatty acids from TAG caused by CO 2 asphyxiation causes a detectable decrease in the pool, which is inhibited by microwave fixation. Increases in ischemic time had previously been reported to decrease TAG (Bazan 1970) . In parallel, microwave fixation inhibited the increase in DAG. In agreement with this result, DAG has previously been shown to be reduced by freezing fixation in in vitro neuronal culture and increased in vivo in an ischemia model (Dorman et al. 1983; Demediuk et al. 1985) .
Interestingly, degradation and production could be occurring simultaneously in ischemic brains. While ischemic brains have 60 times more 2-AG 30 min following death, exogenously infused labeled 2-AG decreases by approximately 99% (Brose et al. 2016) . This suggests that while 2-AG is being released from the phospholipid membrane, concurrent degradation is occurring.
This study was the first to attempt to measure the rat neurolipidome by combining microwave fixation and a lipidomic approach. Overall, the CO 2 asphyxiation-induced neurolipidome is clearly distinct from that of the microwave fixed neurolipidome. With the changes induced by CO 2 , we were able to determine which lipids are tightly related to one another. Bioactive mediators are closely related to LPC and LPE, suggesting that the phosphatidylcholine and phosphatidylethanolamine pools may be a possible source for these mediators.
In summary, we demonstrated a systematic approach to assess the lipidome of the rat brain. While bioactive lipids were all increased because of CO 2 asphyxiation, only specific pools of intact lipids were either increased or decreased by CO 2 . Moreover, this effect of CO 2 -induced ischemia is much stronger than that of LPS injection and this effect is attenuated with the use of microwave fixation. The use of microwave fixation decreases variability in measurements, allowing for increased sensitivity in accessing small differences between experimental groups. This study demonstrates the need to consider the effect of euthanasia, whether hypercapnia, hypoxia, or ischemia is involved, when measuring the lipid profile of nonmicrowave brain tissue, more specifically postmortem human brain tissue, and the interpretation that can be achieved with these results. All experiments were conducted in compliance with the ARRIVE guidelines.
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